Influence of Inter-strand Coupling Current on Field Quality of superconducting Accelerator Magnets by Ogitsu, T et al.
Particle Accelerators, 1997, Vol. 57, pp. 215-235
Reprints available directly from the publisher
Photocopying permitted by license only
© 1997 OPA (Overseas Publishers Association)
Amsterdam B.V. Published under license




COUPLING CURRENT ON FIELD
QUALITY OF SUPERCONDUCTING
ACCELERATOR MAGNETS*
TORU OGITSU a,*, ARNAUD DEVRED b
and VESS KOVACHEV a
a KEK, National Laboratory for High Energy Physics, 1-1 Oho, Tsukuba,
Ibaraki 305, Japan; b CEA Saclay, DSMjDAPNIAjSTCM,
91 191 Gif-sur-Yvette Cedex, France
(Received 18 February 1997; In final form 11 August 1997)
The coils of superconducting accelerator magnets are wound from two layer Rutherford
type cables, in which large inter-strand coupling currents can arise when the magnets are
operated at a high current ramp rate. The coupling currents produce energy losses which
heat the magnet cables and may degrade magnet quench performance. Furthermore, they
generate field distortions which may result in particle beam loss. A number of dipole
magnet prototypes developed for the Superconducting Super Collider (SSC) appeared to
exhibit strong ramp rate sensitivities in quench currents, energy loss, and field distortions.
A model of inter-strand coupling current was developed to simulate this behavior. The
model successfully reproduces the observed field distortions by considering low resis-
tances at the crossovers between the strands of the two cable layers which vary from coil
turn to coil turn. The results of these analyses are consistent with azimuthal localizations
of high ramp rate quenches as well as with in situ measurements ~6f crossover resistance.
The same model can be extended to any kind of accelerator magnets using Rutherford
type cables and is applied to the case ofan arc quadrupole magnet developed for the Large
Hadron Collider (LHC). The analysis results are consistent with a behavior expected
from the type of cable used for this prototype.
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Several SSC 5-cm aperture I5-m-long dipole magnet prototypes have
shown a strong quench current degradation at high ramp rates,I-3
accompanied by a large energy IOSS,4,5 and a large field distortion.6- 8
These prototypes were aimed at both the SSC main ring and its injec-
tor, the High Energy Booster (HEB). The magnet current ramp rate
was supposed to be 4A/s for the main ring and 62 A/s for the HEB.9
Although the performances of the prototypes were satisfactory for
main ring operations, some of the measured quench current degrada-
tions, energy loss, and field distortions were not acceptable for HEB
operations. Hence, an R&D program was launched in cooperation
with Westinghouse Electric Company to investigate this issue. Pre-
liminary analyses indicated that inter-strand coupling currents in the
magnet cable could be the cause of such behavior, and a model of inter-
strand coupling current was developed in order to explain the observed
results. 10,11 The paper first describes the ramp rate sensitivity data of
SSC prototypes, focusing on the magnets exhibiting the mo~t severe
degradation. After recalling the salient features of the inter-strand
coupling current model, an interpretation of the SSC dipole magnet
data based on this model is proposed. Then, the analysis results are
compared with azimuthal localizations of high ramp rate quenches,
determined by a quench antenna system developed for this purpose,12
and with in situ crossover resistance measurements on sections of
a disassembled magnet. 13,14 Last, to illustrate how the model can
be extended to other particle accelerator magnets, it is applied to the
analysis of a series of magnetic field and energy loss measurements
performed on a LHC arc quadrupole magnet prototype.
2 OVERVIEW OF sse DIPOLE MAGNET PROTOTYPES
The SSC dipole magnet prototypes were designed to produce a field of
6.6 T at 6500 A. 15 They rely on a two-layer, cosine-theta distribution of
conductors consisting of two inner layer and two outer layer coils
wound from Rutherford-type cables. The inner coil cable has a radial
width of 12.19 mm, a mid-thickness of 1.58 mm and a keystone angle of
1.200 • It is made of 30 strands (strand diameter: 0.808 mm) twisted
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together with a 94 mm pitch length. The outer coil cable has a radial
width of 11.68mm, a mid-thickness of 1.166mm and a keystone angle
of 1.05°. It is made of 36 strands (strand diameter: 0.648 mm) twisted
together with a 89 mm pitch length. The inner and outer cable strands
were uncoated, i.e. their surface is bare copper on which copper oxide
can be developed. The inner coil contains 19 turns divided into 4 blocks
by 3 copper wedges, while the outer coil contains 26 turns and 1 copper
wedge. The coils are mechanically restrained by laminated collars,
designed to provide a target pre-compression of 70 MPa for the inner
coils and 55 MPa for the outer coils. l,l6 The collared-coil assembly is
encased in a laminated iron yoke which provides a return path for the
magnetic flux and enhanced the field by about 20%.
Seven 50-mm-aperture, 15-m-Iong SSC dipole magnet prototypes
were produced and cold tested at Brookhaven National Laboratory
(BNL), while 13 others were built and cold-tested at Fermi National
Accelerator Laboratory (FNAL). The BNL magnets were designated
as DCA207 through DCA213, while the FNAL magnets were desig-
nated as DCA311 through DCA323.
After the assembly completion, all of the prototypes were cold-tested
following similar run plans which included quench tests, consisting of
training performance tests and ramp rate dependence measurements,
field measurements, and energy loss measurements. It was verified that
the quench performance at 4A/Sl- 3,l7 and the field quality at constant
currents were quite satisfactory.l8-22 Most of the prototypes, however,
exhibited a strong ramp rate sensitivity and a severe degradation of the
quench current at 62 A/s.
3 RAMP RATE SENSITIVITY OF sse DIP.OLE MAGNETS
3.1 Type-A and Type-B Behaviors
The ramp rate sensitivity of quench currents for the SSC dipole magnet
prototypes appears to fall in at least two categories, which were referred
to as type-A and type_B. l ,8 The type-B·magnets are characterized by a
significant drop in quench current at low ramp rate, while the degra-
dation at large ramp rates is much milder and they do not exhibit large
distortions nor a large energy loss. The quench current of the type-A
magnets remains roughly constant up to 25 A/~ and then starts to
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decrease almost linearly as a function of ramp rate. Also, most of the
type-A magnets exhibit large field distortions and large energy losses.
Inter-strand coupling currents are believed to be the cause of type-A
behavior. In the following sections, the test data from the type-A
magnets is focussed, particularly, those from the magnet DCA312
which exhibited the most severe degradation and was measured most
extensively.
3.2 Energy Loss Versus Ramp Rate
The energy loss was determined by numerically integrating the product
of the magnet terminal voltage and magnet current over a sawtooth
current cycle between I min == 500 (A) and I max == 5000 (A). Figure 1
presents the results of the measurements performed on the magnet
DCA312 at FNAL. The energy loss per cycle appears to increase lin-
early as a function of ramp rate, as can be expected from the effects of
coupling currents. The coupling current power loss per magnet unit
length at 1A/s, Wcoup, can be derived from the measured slope, Uslope,
using,
HI _ Uslope 1
rr coup - 2( )'I max - Imin lmag (1)
where lmag is the effective magnetic length of the magnet. In the case of
DCA312, Uslope == 61 J/(A/s), and the loss is derived as: Uslope ==
0.45 mW/(A/s)2/m.
The coupling losses have two origins: (1) intra-strand coupling
currents flowing between superconducting filaments within the
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Energy loss as a function of ramp rate measured for the magnet
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strands,23,24 and (2) inter-strand coupling currents flowing between
strands within the cable.2s- 27 The computational model described in
Refs. [10,11] shows that, for SSC dipole magnets, intra-strand coupling
losses are in the range between 0.01 and 0.007 mW/(A/s)2/m. Using the
model described in Section 4 of this paper, and assuming a uniform
value of 1 JlD for the resistances at the crossovers between the strands of
the two cable layers, the inter-strand coupling current loss is calculated
to about 2.4mW/(A/s)2/m. The measured coupling loss is about 50
times larger than the estimated intra-strand coupling current loss,
indicating that the coupling loss is dominated by inter-strand coupling
currents. Since the inter-strand coupling loss is inversely proportional
to the crossover resistance, an effective value of crossover resistance
(assuming the uniform distribution) can be estimated at about 5 JlD for
the magnet DCA3I2.
3.3 Field Distortion Versus Ramp Rate
The field of accelerator magnets is expressed by a multipole expansion
(2)
where Bx and By are the x and y components of the field, Bois the dipole
field, an and bn are the normal and skew 2(n + I)-pole coefficients, and
ro is the reference radius (ro == 1cm for SSC magnets). Here, the origin
of the x-y Cartesian coordinate system is taken at the center of the
magnet bore, the x-axis points to the right, and the y-axis points to the
top. The symmetries of a cosine-theta distribution of conductors are
such that only even normal multipole coefficients, also called allowed
multipole coefficients, are non-zero. In real magnets, however, viola-
tions of these symmetries, such as manufacturing errors or non-uni-
form current distributions, lead to non-zero un-allowed multipole
coefficients.
Measurements of the multipole coefficients were performed at three
axial locations along the magnet DCA312: (1) 5.5m from the magnet
center towards the lead end, (2) 0.5 m from the magnet center towards
the non-lead end, and (3) 5.5 m from the magnet center towards the
non-lead end. They were taken at ramp rates of 4, 8, 16, and 32 A/s for
current cycles between 25 and 6600 A using a measurement system
based on the I-m-Iong rotating coil array.28
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The measured results at position 2 for b2 and al are presented in
Figure 2. Both coefficients, along with most other multipole coeffi-
cients, appears to exhibit a hysteretic behavior as a function of current.
It appears also that, in the current range where the iron saturation
effects are negligible, the hystereses are symmetric and that their widths
vary as a function of ramp rate. For further analyses, the hysteresis
widths, f1Bn and f1A n, are estimated as
f1Bn == Bo(bn,up - bn,down),
f1An == Bo(an,up - an,down),
(3)
(4)
where bn,up and an,up are bn and an during the up-ramp and bn,down and
an,down are those during the down-ramp. The values of f1Bn and ~An
are then averaged in the current range between 2 and 3 kA.
Figure 3 presents plots of f1B2 and ~A 1 as a function of ramp rate for
the three positions. It appears that, although the sign and amplitude of


















FIGURE 2 Multipole coefficients as a function of current.
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FIGURE 3 Width of the multipole fields hysteresis as a function of ramp rate.
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is always quasi-linear. It appears also that when fitting the data with
first order polynomials, the intercepts for the three positions appear to
converge to the same values: zero for ~Al and a negative number for
~B2. This behavior is consistent with the expected effects from
superconductor magnetization.29,3o The fact that the ramp rate depend-
ence of the multipole field is quasi-linear suggests that the effect is
related to coupling currents. The contribution from coupling currents
can be characterized by half of the fitted slopes, since the hysteresis
width includes the contributions from both up- and down-ramp. The
half of the slopes, which are designated as Bn,coup and An,coup, are
summarized in Table I. Similarly to what was done for the energy loss,
Bn,coup and An,coup can be estimated using the computational models.
The computation indicates that if the material properties and the
crossover resistances are uniform, both type of coupling currents only
affect the allowed multipole coefficients.
The contribution from the intra-strand coupling currents to B 2,coup is
estimated in the range from 0.001 x 10-4 to 0.0015x 10-4 T/(A/s), while
that to B 4,coup is estimated in the range from 0.8x10-8 to 1.lx10-8 T/
(A/S).10,11 The amplitude of the computed values are one order of mag-
nitude smaller than the measured values, showing that the intra-strand
coupling currents cannot account for the field distortions observed.
In the case of the inter-strand coupling currents, and assuming
~niform crossover resistance distribution of 5 J.l0' estimates of the
contributions to B 2,coup and B 4 ,coup are O.08x10-4 T/(A/s) and
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0.01 X 10-4 T/(A/s), respectively. Although the calculated B2 ,coup and
B4 ,coup are of the same order of magnitude as the measured ones, the
computation assuming a uniform crossover resistance distribution
cannot explain the observed effects in the un-allowed multipole coef-
ficients. To explain those, the inter-strand coupling currents violating
the dipole symmetries must be introduced. Such asymmetric coupling
currents can arise if the crossover resistance distribution is not uniform
throughout the magnet coils, but vary from turn to turn. Having made
the assumption that the crossover resistances were not uniform, it is
now possible to determine the crossover resistance distribution that can
produce the desired coupling currents to simulate the observed effects.
In the next section, the inter-strand coupling current model is briefly
presented, and the optimization method used to determine the cross-
over resistance distribution is described.
4 INTER-STRAND COUPLING CURRENT MODEL
During cabling, the cable strands are deformed heavily and that con- .
tact areas are created at crossovers between the strands. Furthermore,
during and after assembling the magnet, large pressures are applied
perpendicularly to the cables, putting the strands firmly in contact at
each crossover. The crossovers provide the paths for the inter-strand
coupling currents to flow from one strand to another. In such condi-
tion, the cable can be represented by a network model where the strands
are connected by resistances at each crossover point.25
. 4.1 Network Model
Let us consider a cable in turn k of the magnet straight section. The
cable is represented by the network model shown in Figure 4. The
network consists of J non-resistive conductor lines, representing the
superconducting strands, which are connected by (J - 1) resistances at
the strand crossovers. Here, it is assumed that all parameters in the
model are uniform along the cable length.
By applying Faraday's law on each single loop, one can write
(j == 1),
(1 <j < J - 1),
() == J - 1),
(5)




FIGURE 4 Network model.
where fj at the jth crossover resistance in the cable, &is the current
flowing in this resistance, and <Pj is the magnetic flux through the loop
approximated by the product of the loop area and the component of
the magnetic flux density perpendicular to the cable. Equations (5)
construct a system of (J - 1) equations, and give (J - 1) unknown
crossover currents, ij.
Kirchoff's law is then applied to each network node and it gives
(6)
where ~ is the current flowing in the strand element between the
crossovers j and (j + 1). The sum of the coupling currents flowing in
the cable is not expected to carry any net transport current, i.e.,
(7)
The combination ofEqs. (6) and (7) constitutes a system ofJ equations
which allows to determine the J unknown strand element currents, ~.
4.2 Contributions to the Multipole Fields and the Energy Loss
In the above model, the crossover resistances, the magnetic fluxes and
the inter-strand coupling currents are assumed to be uniform along the
cable axis. As a result, the strand element current flows along zigzag
paths parallel to the cable axis. Away from the cable, the field produced
by a zigzag current can be approximated by that produced by a recti-
linear current line of the same intensity and located at the centerline of
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the zigzag path. Hence, the overall contributions to the multipole fields
from the inter-strand coupling currents in the cable are estimated as
where Bnand An are the normal and skew 2(n + I)-pole fields produced
by the inter-strand coupling current in the cable, 110 is the permeability
of vacuum, and ~ and lj are average x and y positions of the recti-
linear current line which approximate the jth zigzag current. The sec-
ond term of the equation is the contribution of the iron yoke, whose
inner boundary is assumed to be a circle of a radius R and whose
magnetic permeability is assumed to be infinite.
The energy loss per unit length of the cable, W can be derived as
J-l J
W=='""""r··i~-L...J l .J p'
j=l
where P is the cable pitch length.




Let us now consider that the cable is placed in a turn k of the magnet
coil, and let us assume that the crossover resistances of the cable have




where Bn,k and An,k are multipole fields produced by turn k, which are
given by Eq. (8), gk == l/rk is the crossover resistance, and dI/dt is the
magnet current ramp rate.
Since, for a given coil turn, the contribution of inter-strand coupling
currents to the multipole fields are proportional to the magnet current
INFLUENCE OF INTER-STRAND COUPLING CURRENT 225
(12)Wk == 2'(dI/dt) gk
ramp rate and to the crossover conductance, the coefficients Dn,k and
Cn,k only depend on the geometry, and, for a given magnetic design,
they can be considered as constant.
Similarly, let us define the coefficient, Wk, as
Wk
where Wk is the total inter-strand coupling current loss in turn k given
by Eq. (9). Since for a given coil turn, the contributions of inter-strand
coupling currents to the loss are proportional to the crossover con-
ductance and to the square of the current ramp rate, Wk can also be
considered as constant.
Using these definitions, and assuming that the measured Bn,coup,
An,coup, and Wcoup are induced by the inter-strand coupling currents,
arising from the conductances, gk, which vary from a turn to turn, a
system of linear constraints can be derived as
K








Wcoup == L Wk . gk,
k=l
(15)
where K is the total number of turns.
Furthermore, the crossover conductances are all positive. This adds
K inequality constraints of the form
gk 2: 0 (1:S k :S K). (16)
In practice, Eqs. (13) and (14) are written for a limited number of multi-
pole fields. As a consequence, the system has many more unknowns,
gk, than the equations, and is undetermined. To converge towards a
solution, an optimization function, H, is introduced. The function is
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defined as the sum of the differences in conductance between the
adjacent turns, and the overall standard deviation of the conductance
over the coil cross section, i.e.,
(17)
Here, r k == 1 if turn k and k + 1 are in the same coil layer and quadrant,
or r k == 0 otherwise. Now, the problem is formulated into the quadratic
programming problem, where the optimization function H, defined by
Eq. (17), is minimized under the equality constraints given by Eqs.
(13)-(15), and the inequality constraints given by Eqs. (16). The pro-
blem can be solved numerically, using for instance the subroutine
QPROG31 of the IMSL© MATHjLIBRARy™.
4.4 Simulation Result
A computation was carried out using value of Bn,coup, An,coup (1 <
n < ~), and of W coup measured on the magnet DCA312. This yielded a
total of 13 equality constraints. As explained previously, Bn,coup, An,coup
were measured at three axial positions and measurement resu~ts are
summarized in Table I. Concerning W coup, it was assumed to be the
same for the three positions, and was taken equal to 0.45 mWj(Ajs)2jm.
Since the inner coil contributions are much larger than that from the
outer coils, the crossover conductances were assumed to vary from turn
to turn only in the inner coils, and to be uniform in the outer coils. The
number of unknowns are thus 77,76 from the inner coil and 1 from the
outer coil.
The optimization process was carried -out successfully for all the
positions without detecting any conflict in the linear constraints. The
simulation results of the optimization for positions 1 and 2 are sum-
marized in Figures 5 and 6, where the solid lines represent the com-
puted crossover resistances as a function of turn number for each
quadrant of the inner coils. The turns are counted starting from the
midplane and the quadrants are counted counter-clockwise starting
from the top-right quadrant facing the magnet from the non-lead end.
In spite of the fact that the optimization process is based on the
function which tends to minimize the turn to turn deviations, the
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FIGURE 5 Crossover resistances of the magnet DCA312 at position 1. The fitted
resistances are shown by solid lines, while the results of the in situ measurements are
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FIGURE 6 Crossover resistances of the magnet DCA312 at position 2. The fitted
resistances are shown by solid lines, while the results of the in situ measurements are
presented by open squares.
variation in crossover resistances appears to be quite large. In the case
of quadrants 1 and 2, for example, the resistances are lowest around
turn 5 where they are of the order of 2-3 JlO, while they reach 20 JlO
around the midplane turn and the turn 15. Similar observations can be
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made for quadrants 3 and 4, but in this case, the resistances are very
high at around the midplane turn, where the conductances are almost
nil, while they reach a minimum of about 3 JlO around turn 7 and they
stay relatively low up to the pole turn, except for quadrant 4 of position
2, where the resistances rise again to about 10 JlO in turns from 15 to 19.
5 VALIDATION OF NON-UNIFORM
CROSSOVER RESISTANCE
5.1 Azimuthal Quench Localization
A first verification of our simulation results can be made by comparing
the azimuthal location of the minimum of crossover resistances, where
coupling currents and cOllpling losses are expected to be the largest,
with the azimuthal locations of high ramp rate quenches. Table II
summarizes the locations of the 4.35 K ramp rate quenches of the
magnet DCA312 determined by a quench antenna system consisting of
an array of stationary pick-up coils inserted in the magnet bore. 12 All
the quenches listed in Table II originated in the inner coils.
The 100 A/s quenches started at an axial position corresponding to
position 1. Their azimuthal location is in the turns from 3 to 11 of
quadrant 1,.which correspond to the turns where the minimum cross-
over resistance of position 1 is obtained. The 150 A/s quenches started
between turn 6 and turn 13 of quadrant 2 at an axial position corre-
sponding to position 3. At position 3, the minimum of crossover
resistances is obtained at turn 7 of quadrant 2. Although there is no
clear explanation why the quenches are moving axially as a function of
ramp rate, for a given axial position, the azimuthal localization of the
TABLE II Estimated localization of ramp rate quenches of magnet
DCA312. All quenches are originated in the inner coils. Axial position
is the distance from the center of the magnet
Ramp rate Quench current Axial position Turn number
(Ajs) (A) (Direction) (Quadrant)
16 7250 7m (NLE) 19 (Q2)
100 5000 5.5m (LE) 3-11 (Q1)
150 3290 5.5m (NLE) 6-12 (Q2)
200 1860 4m (NLE) 6-10 (Q2)
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high ramp quenches is consistent with the localizations of the minimum
crossover resistances.
5.2 In Situ Measurement of Crossover Resistance
In order to perform further investigation, the magnet DCA312 was
disassembled partially after the cold tests. In particular, the iron yoke
was removed and the collared coil assembly was cut into sections. Four
of these sections, which included two sections correspondent to posi-
tions 1 and 2 and another corresponding to the axial localization of the
200 A/s quenches, were used for in situ inter-strand resistance mea-
surements. 13,14 The sections of the collared coil assembly were of a
length equal to the pitch length of the inner coil cable (94 mm) with
about 50 mm of inner coils protruding on one side for the purpose of
electrical connections. The. other side was polished in order to avoid
superconducting connections between cable strands. Typically, a set of
9 turns per quadrant was measured, except for the regions identified as
quench start locations where all the turns were tested. For a given turn,
eight out of 30 strands were instrumented and the resistance mea-
surements for the possible pairs were performed under liquid helium
temperature by using the standard four-wire technique. An estimate of
the crossover resistance for a given turn, reO, can be derived from
reO
Reo ==-N' (18)
where Reo is the average of the measured resistance between non-
adjacent strands, reO is the crossover resistance, and N is the number of
strands in the cable. The measured results for the collared coil assembly
sections corresponding to positions 1 and 2 are plotted in Figures 5 and
6 with open squares.
The measured crossover resistances vary from turn to turn in a range
between 1 and 100 J.lO. The distribution of the resistances, however,
appears to have patterns which are similar to those obtained from the
optimization. For quadrants 1 and 2, the measured resistances around
turn 5 appears to take minimum, as low as 1 J.l0' while those around
turns from 13 to 19 tend to be much higher, more than 10 J.lO. In the
case of quadrants 3 and 4, however, the measured resistances stay
relatively low, in the range 2-10 J.l0' except for quadrant 4 of position 2
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where the measured resistances exceed 10 Jln in the turns from 14 to 19.
Furthermore, there is a good correlation between the azimuthal local-
izations of minimums of measured crossover resistances and the azi-
n1uthal localizations of high ramp rate quenches. For the section
corresponding to position 1and the localization of the 100 A/s quenches,
the measured crossover resistances are lowest near turn 5 of quadrant 1,
and for the section corresponding to the axial localization of 200 A/s
quenches, they are lowest in turns 8 and 9 of quadrant 2.
5.3 Discussion
In summary, the results discussed in the above two sections confirm the
existence of non-uniform crossover resistance that can account for the
observed ramp rate sensitivity of the type-A magnets. The cause of the
non-uniformities, however, is not fully understood. Although, the sse
cable strands are made from high purity copper (RRR > 300), they are
not heat-treated after the final drawing and the RRR of the as-received
cable is about 40.8 After coil winding, the coils are cured for a couple of
hours at a nominal temperature of 135°e and under a nominal pressure
of70 MPa. This heat treatment is sufficient to start annealing the cables
so that the coil RRRs exceed 100 after curing.8 Furthermore, it is known
that the temperature and the pressure distributions are not uniform
during coil curing.32 It was also shown from energy loss measurements
performed on cable short samples, crossover resistances can vary in a
range from 0.1 to 1000 Jln depending on pressure and temperature
during curing. 33 Then, one can speculate that the pressure and tem-
perature variation during the curing may be large enough to produce
the observed non-uniformities. Nevertheless, there is no convincing
explanation of why the cables used in type-A magnets were so inclined
to develop such low crossover resistances.
6 ANALYSIS APPLIED TO AN LHC ARC
QUADRUPOLE MAGNET PROTOTYPE
CEA Saclay has designed, built and tested two 56-mm-twin-aperture,
3-m-long quadrupole magnet prototypes for the LHC arcs. 34- 37 The
magnets are designed to produce a quadrupole gradient of 252 Tim at
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15 060 A. They rely on the two-layer cos 20 conductors distribution
consisting of 4 inner-layer and 4 outer-layer coils. The inner coil, which
counts 8 turns and 1 copper wedge, and the outer coil, which counts
12 turns and no wedge, use the same cable. The cable has a radial width
of 13.05 mm and a mid-thickness of 1.93 mm. It is made of 24 strands
(strand diameter: 1.09 mm) whose surfaces are coated with staybrite
(a silver-tin coating).
Similar to what was done on the SSC magnets, energy loss and
magnetic measurements as a function of ramp rate were performed on
the second quadrupole magnet prototype. Table III summarizes the
values of Bn,coup and An,coup measured at the axial center of one aper-
ture. Furthermore, Wcoup was measured to be of the order of 0.21 x
10-3 Wj(Ajs)2jm. Using these measured values and applying the
coupling current model and the optimization process described above,
it is possible to determine the crossover resistance distribution in the
various inner coils.
The simulation results are shown in Figure 7. Although, the average
crossover resistance appears to be lower than for the SSC magnet
DCA312, around 2 Jln for the Saclay magnet compared to 5 Jln of the
magnet DCA312, the distribution is much more uniform and stays in
the range between 1.2 and 3.2Jln.
The reason for the lower crossover resistance average can be traced
to the staybrite coated strand used for the cable. Indeed, the cables
wound in the superconducting magnets for the Hadron Elektron Ring
Accelerator (HERA)3o were also made from staybrite coated strands,
and in situ inter-strand resistance performed on the cable short strand38
and as well as field measurements as a function of ramp rate performed
for the HERA dipole magnets39 have shown that the crossover resis-
tance could be estimated of the order of 2 Jln. Hence, the results on the
TABLE III Influence of coupling currents on multipole fields
of the LHC arc quadrupole magnet prototype
Normal 10-4 T/(A/s) Skew 10-4T/(A/s)
B 2,coup -0.083 A 2,coup -0.025
B 3,coup +0.003 A 3,coup -0.009
B 4,coup +0.018 A 4 ,coup -0.002
Bs,coup +0.005 As,coup +0.003
B 6,coup -0.007 A 6 ,coup -0.006
B 7,coup +0.001 A 7 ,coup -0.001
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FIGURE 7 Crossover resistances of the LHC arc quadrupole magnet prototype.
Saclay prototypes confirm those for the HERA magnets and support
the observation that cables with staybrite coated strands have a low but
rather uniform crossover resistance of the order of 2 J,!f2.
It should be noted that a similar method to determine inter-strand
resistance from field measurement results is developed independently at
CERN.4o The method was applied to the results of field measurements
performed on LHC dipole prototypes which uses cables with staybrite
coated strands. The contact resistance distribution is estimated in the
range roughly between 3 and 20 J,!f2. The results are compared with
AC-loss measurements performed on the same magnets and confirmed
to be consistent with loss measurement.
7 CONCLUSION
The analyses reported here show that the anomalous ramp rate
dependence in the multipole fields and the energy losses observed in
some of the 5-cm-aperture, 15-m-long sse dipole magnet prototypes
can be explained in terms of inter-strand coupling currents arising from
low and non-uniform resistances at the crossovers between the strands
of the two layer Rutherford-type cable. The values and distributions of
crossover resistances derived from our simulations are consistent with
the azimuthal localizations of high ramp rate quenches as well as the
in situ inter-strand resistance measurements.
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The model developed for SSC dipole magnets can be applied to
any kind of superconducting particle accelerator magnets using
Rutherford-type cables, such as the LHC magnets. Simulations per-
formed on a 56-mm-twin-aperture, 3-m-Iong LHC arc quadrupole
magnet prototype yield results which are consistent with what can be
expected from the cable used in this magnet.
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